Accurate assessment of bone marrow infiltration by malignant lymphoma is important for the selection of appropriate therapy and for determining prognosis. The current standard method of assessement of bone marrow infiltration is to perform both needle aspiration and trephine biopsies since needle aspiration alone frequently gives false negative results (Grann et al., 1966; Jones et al., 1972; Rosenberg, 1971; Vinciguerra & Silver, 1973) . In some centres bilateral iliac crest bone marrow biopsies are performed because the incidence of positive results increases if more than one site is examined (Bonadonna et al., 1979; Brunning et al., 1975; Chabner et al., 1977 ). An accurate non invasive method of assessing bone marrow involvement by lymphoma would be a considerable advantage.
This study has been conducted to determine the accuracy of spin lattice relaxation time (T1) measurement obtained by low field strength magnetic resonance imaging in detecting bone marrow infiltration in patients with lymphoma.
Methods
Patients and volunteers Thirty one previously untreated patients with lymphoma were scanned. Patient characteristics are shown in Table I (Richards et al., 1988 The accuracy of such measurements has previously been reported (Redpath, 1982) . The reproducibility of T1 measurements using this MR Scanner has been shown to be excellent for values up to 400 msec (Richards et al., 1987) . T1 measurements for normal bone marrow lie within this range (Richards et al., 1988 Conversely, results for males >40 years and for females which lie outside these limits were also abnormal when compared with those of appropriate volunteers. correctly identified as abnormal by dorsolumbar T1 measurement (Figure 1 -columns 1 and 3) .
In each of these 10 patients T1 was also elevated in the (Figure 1 -column 4) .
In one of these the abnormality seen on MRI was localized to the fourth lumbar vertebra where there was also localized increased uptake on a radionuclide bone scan. In the other case the T1 abnormality was widespread and marked and reverted to normal on a repeat scan performed approximately 6 weeks after the commencement of chemotherapy.
Discussion
The results of this study demonstrate that T1 measurement made by low field strength MRI can detect both generalized bone marrow infiltration and localized bone lesions in patients with lymphoma. As the T1 of a tissue depends on the magnetic field strength at which it is measured, the numerical T1 values reported in this study are not the same as those made using scanners operating at a higher field strength. However, as the scanner used in this study has been shown to give highly reproducible results in the range observed for both normal and lymphomatous bone marrow, measurements made on patients and volunteers using the same scanner can be directly compared.
Only one previous study has examined the ability of MRI to detect lymphoma in the bone marrow (Shields et al., 1987) . In that study most patients were examined at the time of relapse. Five out of 6 with positive bone marrow biopsies had abnormal MR scans compared with 11 out of 15 cases in the current study. The study reported by Shields et al. (1987) used a magnetic resonance system operating at 0.15 Tesla. Furthermore, as with the majority of MR studies of the bone marrow in patients with leukaemia (Cohen et al., 1984; McKinstry et al., 1986; Olson et al., 1986) , the results were based on signal intensity on T1 weighted images rather than on specific T1 measurement. Measurement of T1 has, however, been reported to give better discrimination between normal and leukaemic marrow than that observed from T1 weighted images (Moore et al., 1985; Thomsen et al., 1986 ).
In the current study the sensitivity of MRI was excellent in cases in which the microscopic pattern of bone marrow infiltration was diffuse, all 10 cases in this category having marked and widespread elevation of T1. The sensitivity was poor, however, in cases where the microscopic pattern of bone marrow infiltration was focal. Only one out of 5 patients in this category had a definitely abnormal scan.
These poor results presumably reflect the lower overall tumour burden in the bone marrow of such patients. Also, the presence of considerable amounts of fat in the marrow cavity probably contributes to a shorter overall T1 measurement. Focal or paratrabecular marrow infiltration is most frequently observed in patients with non Hodgkin's lymphoma of follicular type. These results suggest that detection of bone marrow infiltration by T1 measurement in Figure 3 Sagittal Ti image of a volunteer. Note the marked difference in appearance of the vertebral bodies and the sternum between these two images.
such patients is likely to be unreliable. The single false negative scan reported by Shields et al. (1987) also occurred in a patient with follicular (nodular) lymphoma.
One patient in the current study had subnormal T1 in the spine despite having NHL in the bone marrow. This may reflect the reduced level of normal erythropoiesis detected on biopsy of the marrow in this case. The finding of prolonged T1 in the femoral shafts of the same patient could either be due to lymphomatous infiltrate in this site or to a compensatory increase in normal erythropoiesis at this site (Shillingford, 1950) .
For other histological types of lymphoma the results are encouraging, with a high overall level of accuracy. The scan of the patient with localized lesions cannot be interpreted as a false positive examination, as radionuclide imaging was also abnormal. The second patient with a positive scan in the presence of a normal biopsy may represent a false positive scan, but equally may represent a false negative biopsy. Unfortunately in this study the area of bone marrow from which tissue was taken (the posterior iliac crest) was not imaged. In addition only a single biopsy was taken. A high incidence of false negative results from single biopsies in patients with Hodgkin's disease has been reported (Brunning et al., 1975) . The fact that the T1 returned to normal following chemotherapy also supports the suggestion that this was a false negative biopsy.
Little, if anything, was gained by measuring sternal, femoral head and upper femoral shaft T1. Sagittal images of the dorsolumbar spine alone are sufficient for detecting diffuse bone marrow involvement by lymphoma. Imaging of additional areas could of course reveal unexpected focal deposits of lymphoma.
Magnetic resonance imaging is unlikely to replace bone marrow biopsy in the management of patients with lymphoma, particularly as important phenotypic and cytogenetic information may be derived from biopsies. MRI may, however, have a complementary role. Abnormal results on MRI may alert the physician to probable bone marrow involvement and suggest optimal sites for confirmatory biopsy. Further studies are required to evaluate the accuracy of MRI in monitoring response to therapy. Serial bone marrow Tl measurement could potentially reduce the number of repeat bone marrow biopsies required during follow up.
